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Abstract 

This paper presents thermodynamic investigation and environmental consideration of combined Stirling-organic 
Rankine cycle (ORC) power cycle. Combined cycle can be assisted by solar energy and an ORC used as an annular 
cold-side heat rejector for a free piston Stirling cycle. ORC can increase the power output efficiency by 4% to 8% 
compared to that of a Stirling standard cycle. Operating temperatures of ORC are between 80°C and 140°C. The 
main objective of this work is to model the combined cycle for performance optimization in respect to the use of 
several different working fluids with relevant temperature ranges. Total power efficiency in the range of 34% to 42% 
was observed for different cases. Several working fluids in the ORC were investigated from a thermal, operational, 
and environmental point of view. Working fluids considered were FC72, FC87, HFE7100, HFE7000, Novec649, n- 
pentane, n- decane, R245fa, and toluene. Practical issues like thermodynamic cycle efficiency, latent heat, density, 
toxicity, flammability, ozone depletion potential, global warming potential, and atmospheric lifetime are considered. 
Considering the cycle efficiency, n-decane shows the best performance at both levels of temperature supposed. 
However, this fluid has the highest saturated vapor specific volume (resulting in a larger condenser) and the lowest 
condenser saturation pressure (higher infiltration of non-condensable gases). The best candidates for the cycle 
regarding all the considered aspects were found to be toluene, HFE7100, and n-pentane. Comparing these three 
fluids, toluene presents the highest efficiency, the highest impact on the environment, the biggest vapor specific 
volume, and the minimum mass flow rate in Rankine cycle, therefore decreasing the pump power consumption. 
/V-pentane exhibits the lowest cycle efficiency and vapor specific volume, but this fluid has super-atmospheric 
saturation pressure advantage. HFE7100 is a good working fluid from environmental and safety point of view. 

Keywords: Thermodynamic investigation, Organic working fluid, Combined cycle Stirling-ORC, Environmental 
consideration 


Background 

The quest to reduce environmental impacts of conven¬ 
tional energy resources and, more importantly, to meet 
the growing energy demand of the global population had 
motivated considerable research attention in a wide 
range of environmental and engineering application of 
renewable form of energy 1]. The need to preserve fossil 
fuels and the use of renewable energies have led to the 
use of Stirling engines which have excellent theoretical 
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efficiency, equivalent to the related Carnot cycle. They 
can consume any source of thermal energy (combustion 
energy, solar energy, etc.) and result in less pollution 
than the traditional engines [2]. High heat conversion 
efficiency, reliability, low noise operation, and ability of 
Stirling engines to use many fuels meet the demand of 
the effective use of energy and environmental preserva¬ 
tion [3,4]. In most instances, the engines operate with 
hotter and cooler temperatures of 923 and 338 I<, 
respectively. Engine efficiency ranges from about 30% to 
40%, resulting from a typical hotter temperature range 
of 923 to 1073 I< and normal operating speed range of 
2,000 to 4,000 rpm [5]. 
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Generally, Stirling cycle development has focused on 
two areas of improvement: reducing losses and increasing 
power output. The proposed method of Ingram and 
Peterson [6] had an improvement on Stirling system 
performance. The total power output may be improved 
with the proper implementation of a combined power 
cycle with a bottoming organic Rankine cycle (ORC). 

There is a sufficient amount of heat and availability to 
run a bottoming cycle from the rejected heat of a 
Stirling engine. Since the Stirling cycle under consideration 
in this study already makes use of a cooling loop as shown 
in Figure 1, a Rankine cycle may be readily integrated into 
the design in place of the cooling loop as shown in Figure 2. 
The proposed system [6] investigates the theoretical 
conditions that create maximum power output from a 
combined Stirling-Rankine cycle by increasing the Stirling 
heat rejection temperature. This reduces the power 
produced from the Stirling cycle itself but allows for more 
total power with an efficient low-temperature Rankine 
cycle. Rankine cycle expanders have traditionally had to be 
large for any attractive efficiency level. The measured 
isentropic efficiency of the scroll expander reaches 84% 
when the pressure ratio is close to the scroll intrinsic 
expansion ratio [7]. However, in experimental testing, the 
generator and scroll expanders produced 2.07 and 2.96 kW 



Heat Source 



Figure 2 Schematic of a free piston Stirling engine with a 
Rankine bottoming cycle [6], 

v___y 


and had isentropic efficiencies of 0.85 and 0.83, respectively 
[8]. Turbine expanders sized for 1.5 kW operated with 85% 
isentropic efficiency [9]. The Rankine recuperator recovers 
heat that would otherwise be rejected from the cycle in the 
condenser. It is possible to use a microchannel recuperator 
with actual heat transfer effectiveness significantly higher 
than 0.85 [10]. For the sake of simplicity, the pressure drop 
of the recuperator is ignored. 

ORC generates power from low-grade heat sources by 
replacing water with organic working fluids such as 
refrigerants or hydrocarbons [11]. To investigate any 
improvement when using these fluids, the effects of the 
properties of nine different working fluids on the overall 
combined cycle efficiency have been considered. In this 
respect, the economic, environmental, and operating 
performances of an ORC depend on the properties of 
the working fluids as well as the design and operating 
characteristics of the cycle. A suitable fluid for an ORC 
must exhibit favorable physical, chemical, environmental, 
safety, and economic properties such as low specific 
volume, liquid specific heat, viscosity, toxicity, flammability, 
ozone depletion potential (ODP), global warming potential 
(GWP), and cost, as well as favorable process characteristics 
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such as high efficiency, latent heat, density, molecular 
weight, Mollier diagram close to isentropic, suitable 
thermal stability limits, compatible with turbine materials 
and lubricating oil, non-corrosive, non-inflammable, and 
moderate pressure in the heat exchangers [11-13]. The 
saturated vapor specific volume gives an indication of 
condenser size, which is related to the system's initial 
cost. A super-atmospheric (>100 kPa) saturation pressure 
eliminates infiltration of gases, which is important for 
operational reasons, since gas infiltration reduces system 
efficiency. The working fluid having high latent heat and 
high density is preferred. To achieve the maximum output 
power of the combined cycle, Rankine cycle efficiency 
must be increased. For this reason, the effects of the 
properties of several working fluids on the Rankine 
cycle efficiency have been studied. 

Among all possible alternative energy options, for 
example, wave energy, geothermal energy, solar energy, 
wind energy, and hydro energy, solar energy is becoming 
more popular in the world. This is mainly due to the 
availability of plenty of sunlight in many countries [14]. 
Therefore, in this study, the combined cycle is assisted 
by solar energy, and nine working fluids have been 
chosen as candidates for the bottoming ORC. These are 
FC72, FC87, HFE7100, HFE7000, Novec649, n-pentane, 
n-decane, R245fa, and toluene. Two levels of operating 
temperatures of ORC were considered, namely 80°C 
and 140°C. The solar dish used with 700°C receiver 
temperature was considered as the heat source. Results 
are presented per kilowatt of heat input to the system. 
Therefore, a 40% total system efficiency means 0.4-kW 
output power. 

Methods 

Working fluid classification 

A working fluid can be classified as dry, isentropic, or 
wet fluid depending on the slope of the saturation vapor 
curve on a T-s diagram. Vapor saturation curve of wet 
fluid (e.g., water) has a negative slope, resulting in a 
two-phase mixture upon isentropic expansion. A dry 
fluid (e.g., n-pentane) has a positive slope, while an 
isentropic (e.g., R245fa) has an infinitely large slope, 
the fact that the vapor saturation line on a T-s diagram is 
vertical for these fluids [12]. 

Water is a suitable working fluid for the larger scale 
fossil fuel-fired Rankine cycle plants. Water is appropriate 
for those high temperature applications, but it has its 
limitations that become more significant during lower 
temperature operations. Organic fluids are generally 
extracted from petroleum. The main difference between 
organic fluids and water is the lower evaporation energy of 
the former, and therefore less heat is needed to evaporate 
the organic fluid. The thermodynamic and chemical 
characteristics of these fluids no longer require 


superheating. For most of organic fluids, an isentropic 
expansion from saturated vapor results in superheated 
vapor through a turbine at low and moderate 
temperatures, rather than a two-phase mixture as with 
water, hence avoiding complications to the turbine and 
cycle design [13,15]. These characteristic curves are 
shown in Figure 3 for the three types of fluids. The 
degree to which organic fluids are dry is generally 
related to their molecular weight or molecular complexity. 
For organic fluids, the larger the molecular weight, the 
greater is the slope of the T-s curve. 

Practical issues relating to the operation and maintenance 
of the cycle should also be taken into account. Maizza and 
Maizza [16] suggested that high latent heat, high density, 
and low liquid specific heat are preferable. A fluid with a 
high latent heat and density absorbs more energy from the 
source in the evaporator, thus reduces the required fluid 
flow rate, resulting in reduced size of the facility and the 
pump power consumption [12]. The saturated vapor 
specific volume gives an indication of condenser size, which 
is related to system initial cost. Figures 4 and 5 respectively 
present the saturation pressure and vapor specific volume 
as a function of saturation temperature of the organic fluids 
considered in the analysis. It should be noted that organic 
fluid vapor volume varies four orders of magnitude 
between FC87 and «-decane. Organic fluids with low 
saturation volumes require smaller condensing equipment. 
Therefore, fluids with high saturation volumes are not 
suitable for application due to the large size of the required 
condensing equipment [13]. 

Regarding saturation pressures, it should be noted that 
R245fa, FC87, HFE7000, and n -pentane operate at super- 
atmospheric pressure at 40°C (condenser temperature). 
Super-atmospheric operation is profitable for small-scale 
applications by eliminating infiltration of non-condensable 
gases. The two main devices that are used to eliminate 
the non-condensable gases with a cycle operating with 
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Figure 4 Saturation pressure as a function of saturation 
temperature. 


sub-atmospheric fluids are steam jet air ejectors (SJAE) 
and liquid ring vacuum pumps. SJAE use high pressure 
motive steam to evacuate the non-condensables from 
the condenser (jet pump). Liquid ring vacuum pumps 
use a liquid compressant to compress the evacuated 
non-condensables and then discharge them to the 
atmosphere [17]. 

The substances that can serve as working fluids in 
an ORC are shown in Table 1. The table presents a 
classification of working fluids according to the slope 
of the saturation vapor line. The critical point suggests 
the possible operating temperature and pressure range. 
The molecular weight and latent heat have influence on 
the required mass flow rate. 

Working fluid environmental impact and risk statement 

The three environmental factors applicable for fluids 
comparison are ODP, GWP, and atmospheric lifetime 
(ALT). The ODP is the ratio of the impact on ozone of a 
chemical compared to the impact of a similar mass of 


C \ 



Figure 5 Saturated vapor specific volume as a function of 
saturation temperature. 

s_> 


R-ll or CFC-11. Thus, the ODP of R-ll is defined to be 
1.0. Normally, fluids have ODPs between 0.1 and 1 [18]. 
GWP represents how much a given mass of a chemical 
contributes to global warming over a given time period 
as compared to the same mass of carbon dioxide. 
Carbon dioxide's GWP is defined as 1.0. A GWP is 
calculated over a specific time interval, commonly 100 
years [19]. ALT is the length of time that a gas will remain 
in the atmosphere based on its decay rate and its tendency 
and likeliness to react with other gases. To complement 
these indices, the maximum time-average concentration 
for a normal 8-h work day (TOX) has also been presented 
as toxicological index [13,20,21]. 

Table 2 illustrates the environmental and safety 
characteristics of the working fluids under study. 
HFE7100, HFE7000, and Novec649 are good fluids 
from environmental and safety point of view. However, 
FC72 and FC87 perfluoro compounds (PFCs) are 
photo-chemically stable and are expected to persist in 
the atmosphere for more than 1,000 years. PFCs have 
high GWP, exceeding 5,000 100-year ITH. ODP for 
these compounds is zero [21]. 


Stirling-ORC combined cycle thermodynamic model 
description 

In order to evaluate the performance of a combined cycle 
Stirling-ORC system, a thermodynamic model has been 
created. The model has been used to determine the state 
conditions of the working fluid in the Rankine cycle, from 
which the outputs from the system were analyzed. 

The combined system was modeled in an idealized 
condition. Isentropic efficiencies were used for all 
components, and ideal heat exchanger effectiveness was 
assumed. For simplicity, the power of the fan used in the 
air-cooled condenser was not considered. The calculations 
were done at two distinct temperatures of 80°C and 
140°C. The Stirling cycle was modeled as a fraction of 
Carnot (/carnot) thermal efficiency through Equation 1; 
fc amot was considered to be 0.5. 


fl Stirling [fcarnotflcai 


(1) 


nCarnot,St 


1 


Tc 

T h ’ 


( 2 ) 


where, r/ means the efficiency, Tq is the colder 
temperature, and T H is the hotter temperature. The Stirling 
cycle power output, Ws t , is simply the product of the 
Stirling efficiency and the power into the Stirling cycle, 
Qin.st- The remaining heat, Q ou t,st> is rejected from the 
Stirling cycle and is available for the Rankine cycle. 


Wst — Qin,St r)st 

( 3 ) 

Qout,St = Qin,St Wst- 

(4) 
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Table 1 Classification of working fluids according to the slope of saturation vapor line 


Fluid 

P_ crit (kPa) 

TLcrit (K) 

Molecular weight (g/mol) 

Specific heat (J/kgK) 

Latent heat (kJ/kg) 

Type 

FC72 

1,867 

448.8 

338 

1.100 

88 

Dry 

FC87 

2,039 

421.1 

228 

1.100 

103 

Dry 

HFE7000 

2,478 

437.7 

200 

1.300 

142 

Dry 

HFE7100 

2,229 

468.5 

250 

1.183 

111.6 

Dry 

n-decane 

2,103 

617.7 

142.29 

2.210 

251.1 

Dry 

Novec649 

1,864 

441.8 

316 

1.103 

88 

Dry 

n-pentane 

3,364 

469.7 

72.15 

2.363 

349.00 

Dry 

R245fa 

3,651 

427.2 

134.05 

980.90 

177.08 

Isentropic 

Toluene 

318.6 

4126 

92.14 

1720 

399.52 

Isentropic 


P crit, critical pressure; 7_crit, critical temperature. 


The Rankine cycle is modeled by evaluating fluid 
properties at state points between components. These 
states correspond to states 1 to 6 in Figure 2. The two 
cycles are connected in the model with the Stirling cycle, 
cold-side heat rejection being the source of heat input to 
the boiler of the Rankine cycle. As the ideal model is 
used in the study, it is assumed that all of the heat 
rejected from the Stirling cycle goes into the Rankine 
cycle. The highest Rankine cycle temperature, T lt is 5°C 
below the lowest Stirling cycle temperature, and isobaric 
conditions are used. 

m ORc(^l — = Qout,St; (5) 

where 171 is the mass flow rate (g/s), and h is the specific 
enthalpy (J/kg). For the Rankine expander, an isentropic 
efficiency (r ] s , exp ) of 0.9 was considered. 

hi = h { - n 5 ,ex P (hi -h ls ). (6) 

The recuperator is considered if the pump outlet 
temperature (point 5) is less than or equal to the outlet 


Table 2 Safety and environmental data of the working 
fluids 


Fluid 

ALT (yr) 

ODP 

GWP 

TOX (ppm) 

Risk statements 

FC72 

n.a. 

0 

n.a. 

n.a. 

NR 

FC87 

1,000 

0 

5,000 

n.a 

NR 

HFE7000 

4.9 

0 

370 

75 

NR 

HFE7100 

4.1 

0 

320 

750 

NR 

n-decane 

n.a. 

n.a. 

n.a. 

1,369 

HF and T 

Novec649 

0.014 

0 

1 

150 

NR 

n-pentane 

n.a. 

0 

20 

700 

EF and T 

R245fa 

n.a. 

0 

950 

300 

NR 

Toluene 

n.a. 

n.a. 

n.a. 

100 

HF and T 


EF extremely flammable; HF highly flammable; T toxic; NR no risk statements; 
n.a. not applicable. 


turbine temperature (point 2). For the present study, 
recuperator effectiveness (e rec ) was assumed to be 0.9. 

_ h 2 - h3 

Erec ~ h 2 - h{P2, T5) ’ U 

where P is means pressure, and T is temperature. The 
pump is modeled with a constant isentropic efficiency of 
50%, which accounts for motor efficiency and the actual 
isentropic efficiency of the pump [22]. 

h$ = hn H-(^5,s — ^ 4 ) • (8) 

Os,pump 

The model parameters represent reasonable values for 
physical systems and are listed with their values in 
Table 3. 

Analysis 

To evaluate the performance of the combined cycle, a 
numerical model was developed using thermodynamics 
analysis, and parametric studies were performed by 


Table 3 Parameters for thermodynamic systems model 
combined Stirling-ORC power cycle 


Parameter 

Parameter description 

Value 

Units 

Th 

Hot side temperature of Stirling cycle 

700 

°C 

Tc 

Cold side temperature of Stirling cycle 

85 to 145 

"C 

To 

Ambient temperature 

25 

°c 

^Carnot 

Fraction of Carnot 

0.50 


Qn,St 

Heat into Stirling cycle 

1 

kW 

Hs.exp 

Expander isentropic efficiency 

90% 


Free 

Recuperator effectiveness 

0.90 


f/s,pump 

Pump isentropic efficiency 

50% 


7"cond 

Condenser temperature 

40 

°C 

> 

rT 1 

1 

Boiler temperature difference 

5 

"C 
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varying different parameters in the system. The net 
power output from the combined cycle is considered to 
be the Stirling cycle power output, W$t, plus the Rankine 
cycle expander power output, W OKC , less the Rankine 
cycle pumping power, Wp Ump (Equation 9). The total 
efficiency and the second law efficiency of combined 
cycle could be calculated through Equations 10 and 11. 
The Carnot efficiency is the maximum limit combined 
cycle efficiency and is a function of high temperature 
source and low temperature sink, Equation 12. The 
Rankine cycle and Stirling cycle efficiency could be 
calculated through Equations 13 and 14. The maximum 
power output is derived by specifying and varying 
particular parameters and allowing the system model to 
calculate all the rest. The irreversibility rate for a cycle 
in steady state, steady flow condition can be defined by 
Equation 17, where I, T 0: S gen , EX in , and EX out are the 
irreversibility, ambient temperature, the entropy generation 
rate in Equation 16, and the incoming and outgoing exergy 
flows, respectively, q, is the heat transfer per unit mass, and 
Tj is the temperature of the j t h component of the cycle. The 
exergy efficiency of the combined cycle is defined by 
Equation 15 [23]. In fact, second law and exergy efficiency 
are often considered the same; in other words, the distinc¬ 
tion between exergy and second law efficiencies is not 
clearly recognized by many other studies [24]. Exergy based 
on both useful work and useful heat are the outcomes of 
available energy of a thermodynamic system with respect to 
a reservoir. Furthermore, some studies propose a definition 
of exergy based on the Carnot cycle [25]. 


Wnet = W St + Wb RC - Wpump 

( 9 ) 

Wnet 

ntotal 1 kW 

(10) 

_ H total 

n21aw — 

'l Carnot, total 

(11) 

, cond 

carnot, total ^ Ty{ 

(12) 

W'ORC - U7pump 
fioRC — n 

Wout,St 

( 13 ) 

W st 

Is* — n 

Win,St 

(14) 

Exergy recovered W net 

^ ex Exergy supplied W rev 

V^net 

Wnet + To Sgen 

(15) 

Qcond Qin,St 

*->gen ~ rp rp 

E cond E H 

(16) 



I = T 0 Sg m = T 0 (ft) = EX in ~ EX out (17) 


Results and discussion 

T c is the temperature at which the Stirling cycle is 
rejecting heat from the cold-side heat exchanger. As this 
temperature rises, the maximum possible efficiency, the 
Carnot efficiency, from the Stirling cycle decreases. If 
the fraction of Carnot efficiency remains constant for 
the Stirling cycle, then the Stirling efficiency drops. In 
Rankine cycle, the turbine inlet pressure was optimized 
to maximize the thermal efficiency. This optimization 
makes it possible to decide whether it is better to have 
saturated vapor or superheated vapor at turbine inlet. 
The optimization was done with EES software [26]. The 
selection of the fluid for the cycle was complicated. For 
this cycle, where the operating temperatures are 80°C to 
140°C, it is necessary to consider that all the fluids have 


' 



s[kJ/kg-K] 


Figure 7 T-s process diagram for a Rankine cycle. Operated at 
maximum power conditions for the combined cycle operating 
temperatures of 80°C and MOT. 

s_> 
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Table 4 Thermal performance of several fluids in combined cycle for the ORC operating at 80°C 


Fluid 

Pi (kpa) 

P 2 (kpa) 

I /3 (m 3 /kg) 

SHAT 

Qou,,S, (W) 

Qcond (W) 

nsj (%) 

Horc (%) 

4 total (%) 

42law (%) 

Hex (%) 

M/ pump (W) 

rh (g/s) 

FC72 

208.4 

56.36 

0.13 

0.06 

684 

621.3 

31.6 

9.16 

37.87 

55.83 

57.04 

1.42 

6.78 

FC87 

484.8 

147.7 

0.06 

0.07 

684 

623.1 

31.6 

8.9 

37.69 

55.57 

56.78 

3.46 

6.73 

HFE7000 

400 

119.7 

0.10 

0.03 

684 

620.3 

31.6 

9.31 

37.97 

56 

57.19 

2.18 

4.66 

HFE7100 

184.6 

50.48 

0.20 

0.05 

684 

619.7 

31.6 

9.40 

38.03 

56.08 

57.28 

1.09 

5.16 

n-decane 

4.097 

0.49 

37.7 

0.01 

684 

617.9 

31.6 

9.67 

38.21 

56.35 

57.55 

0.02 

1.73 

Novec649 

261.6 

72.96 

0.11 

0.06 

684 

620.9 

31.6 

9.22 

37.91 

55.89 

57.1 

1.87 

6.72 

n-pentane 

366.6 

116.3 

0.29 

0.06 

684 

620.3 

31.6 

9.3 

37.97 

55.98 

57.18 

1.43 

1.73 

R245fa 

789.1 

249.6 

0.07 

0.08 

684 

622.3 

31.6 

9.02 

37.77 

55.7 

56.9 

2.84 

3.40 

Toluene 

38.41 

7.907 

3.55 

0.53 

684 

618.5 

31.6 

9.57 

38.15 

56.25 

57.45 

0.11 

1.53 


P], inlet turbine pressure; P 2 , outlet turbine pressures; l/ 3 , specific volume at condenser inlet; til, mass flow rate. 


a critical temperature above 140°C. In Figure 6, for 
example, the total efficiency of combined cycle for 
HFE7000 is plotted as a function of pressure. The T c is 
held constant, while pressure is varied; the system total 
efficiency levels are compared. Each constant Ti line in 
the Figure 6 exhibits the same behavior. In other words, 
total efficiency increases with rising pressure until a 
maximum is reached, then total efficiency drops off 
sharply, and continues to decline as the pressure increases. 
The total efficiency of combined cycle eventually drops 
below the horizontal line representing the efficiency from 
the original standard Stirling system. The maximum 
possible total efficiency always increases with increasing 
pressure for the full range shown. The peaks occur when 
saturation conditions are reached at the Rankine boiler. 
The lines then drop down in power level immediately 
after saturation because the pressure has risen until the 
limited temperature is no longer sufficient to boil the 
fluid. Up to the point of reaching the saturation 
conditions, there is a decrease in the amount of superheat 
going into the expander with increasing pressure. 

As shown in Figure 6, the combined cycle total 
efficiency lines do not drop below the original standard 
Stirling cycle efficiency until long after the saturation 
pressure was passed. Moving from saturated liquid to 


saturated vapor by boiling the Rankine fluid does not 
change the Stirling cycle efficiency, or Stirling power 
output, since it is an isothermal process. Because there 
is more energy in the saturated vapor, a smaller mass 
flow rate is required to absorb all the rejected heat from 
the Stirling cycle. In this way, there is less pumping 
power input to the system. With this fluid, there is also 
a much greater change in entropy expanding with a 
higher fraction of the fluid vaporized (higher quality). 
T-s process diagram in two levels of temperature for 
the different system state points is shown for HFE7000 in 
Figure 7. The states in the processes illustrated correspond 
to the system schematic in Figure 2. 

Tables 4 and 5 present a comparison of different fluids 
for the Rankine cycle operating at 80°C and 140°C, 
respectively. The inlet and outlet turbine pressures, AT of 
superheating at point 1, specific volume at condenser inlet, 
rejected heat into Rankine cycle, condenser heat, Stirling 
cycle efficiency, Rankine cycle efficiency, total efficiency of 
the combined cycle, second law efficiency of the combined 
cycle, exergy efficiency of the combined cycle, Rankine 
cycle pumping power, and the mass flow rate of working 
fluid in the Rankine cycle have all been presented. 

When operating at 80°C, «-decane presents the best 
thermal performance compared to all other fluids. This 


Table 5 Thermal performance of several fluids in combined cycle for the ORC operating 140°C 


Fluid 

Pi (kpa) 

P 2 (kpa) 

1/3 (m 3 /kg) 

SHAT 

Gouts, (W) 

Qcond (W) 

1st (%) 

Horc (%) 

Htota\ (%) 

l? 2 law (%) 

l?ex (%) 

Wpump (W) 

rh (g/s) 

FC72 

884.7 

56.36 

0.13 

0.03 

714.8 

590.1 

28.52 

17.45 

40.99 

60.44 

61.61 

8.39 

6.15 

FC87 

1747 

147.7 

0.06 

0.02 

714.8 

606.6 

28.52 

15.14 

39.34 

58 

59.19 

20.86 

6.18 

HFE7000 

1545 

119.7 

0.11 

0.92 

714.8 

592.2 

28.52 

17.15 

40.78 

60.12 

61.3 

12.73 

4.29 

HFE7100 

775.5 

50.48 

0.20 

0.02 

714.8 

583.9 

28.52 

18.32 

41.61 

61.35 

62.51 

6.2 

4.69 

n- decane 

38.82 

0.5 

38.18 

0.02 

714.8 

574.8 

28.52 

19.59 

42.52 

62.7 

63.84 

0.17 

1.58 

Novec649 

1072 

72.96 

0.11 

0.02 

714.8 

592.6 

28.52 

17.11 

40.74 

60.08 

61.25 

11.07 

6.09 

n-pentane 

1329 

116.3 

0.30 

0.02 

714.8 

585.4 

28.52 

18.11 

41.46 

61.13 

62.29 

6.42 

1.61 

R245fa 

2337 

249.6 

0.07 

10.05 

714.8 

598.9 

28.52 

16.21 

40.11 

59.13 

60.32 

10.31 

3.21 

Toluene 

218.9 

7.907 

3.58 

0 

714.8 

577.4 

28.52 

19.22 

42.26 

62.31 

63.45 

0.70 

142 


Pi, inlet turbine pressures; P 2 , outlet turbine pressures; 1 / 3 , specific volume at condenser inlet; rh, mass flow rate. 
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can be seen in Table 4. Again, when operating at 140°C, 
w-decane, with 0.02°C of superheating, presents the best 
combined cycle efficiency as it is illustrated in Table 5. 
Toluene, HFE7100, w-pentane, Novec649, and HFE7000 
present acceptable efficiencies, but Toluene and n -pentane 
are toxic and flammable. A/-decane requires minimum 
pumping power in Rankine cycle, and HFE7000 and 
n-pentane have super-atmospheric saturation pressure. 

Conclusion 

The main conclusion of this work is maximization of 
combined cycle efficiency with the choosing of suitable 
working fluid for ORC as bottoming cycle operating at 
80°C to 140°C. It is difficult to find the best fluid, which 
has simultaneously high cycle efficiency, low vapor 
specific volume at turbine outlet, super-atmospheric 
saturation pressure, high latent heat, high density and 
low liquid specific heat, low environmental impact, low 
toxicity, and has non-combustion characteristics. 

For the ORC operating at the two levels of temperature, 
K-decane presented the highest cycle efficiency between 
the dry and isentropic fluids. But this fluid presents the 
highest vapor specific volume, leading to a very large 
condenser and high initial cost. It also presents the 
lowest saturation pressures, leading to infiltration of 
non-condensable gases. 

There are only four fluids with super-atmospheric 
saturation pressure: R245fa, FC87, HFE7000, and w-pent- 
ane. The best candidates for the cycle regarding all the 
aspects are toluene, HFE7100, and «-pentane. TV-pentane 
does not require special sealing system because the cycle 
operates at super-atmospheric saturation. Toluene presents 
the highest vapor specific volume, the lowest saturation 
pressure, and the least mass flow rate, leading to the 
smallest size of utilities, equipments, and the pump con¬ 
sumption among the three fluids. From the environmental 
and safety point of view, HFE7100 has a small impact 
compared with toluene and «-pentane. For the system 
operating at 80°C, toluene presents total combined cycle 
efficiency of 38.15% against 38.03% of HFE7100 and 37.97% 
of n-pentane. These values of cycle efficiency are similar. 
For the Rankine cycle operating at 140°C, the difference 
in the total combined cycle efficiency is bigger. Total 
efficiencies for different fluids investigated are the following: 
toluene 42.26%, HFE7100 41.61%, and «-pentane 41.46%. A 
small efficiency leads to a high heat input in the combined 
cycle; therefore, a big capital investment in solar dish area 
is required. 

Abbreviations 

0: Ambient; 2law: Second law; AT: Temperature difference (°C); 

£ rec : Recuperator effectiveness; rj: Efficiency (%); ALT: Atmospheric lifetime 
(years); C: Cold side of Stirling cycle; Carnot: Carnot; cond: Condenser; 
crit: Critical; Ex: Exergy (W); Exp: Expander; f. Fraction constant; GWP: Global 
warming potential (100-year period); h: Specific enthalpy (J/kg); H: Hot side 
of Stirling cycle; /: Irreversibility (W); in: Input; j: Cycle component index; 


rh: Mass flow rate (g/s); net: Met output; ODP: Ozone depletion potential 
(CFC as a reference); ORC: Organic Rankine cycle; out: Output; P: Pressure 
(Pa); Q: Heat transfer rate (W); S gen : Entropy generation rate (W/K); 

S: Isentropic; st: Stirling cycle; T: Temperature (°C); total: Total; W: Power (W). 
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